A bis-tridentate ligand with 2,6-bis(phenylamide)pyridine moieties (L1) was synthesized by amidation and Suzuki-Miyaura cross coupling reaction from chelidamic acid monohydrate. Novel metallo-supramolecular polymers containing iron(II), ruthenium(II), or nickel(II) ions (PolyFeL1, PolyRuL1 and PolyNiL1, respectively) were obtained as yellowish brown solid via complexation of L1 with the metal ions in the presence of a strong base. The polymers were characterized by IR, UV-vis-NIR absorption spectra, and cyclic voltammetry (CV). The IR spectra showed disappearance of NH stretching peak and shift of C=O stretching peak due to the complexation. The characteristic LMCT absorption appeared at 470 (Fe), 442 (Ru), or 367 (Ni) nm. The solution of the polymers showed a reversible redox wave attributed to the redox of metal ions. PolyFeL1 exhibited reversible electrochromism between orange and brown by applying + 3 V or 0 V.
Introduction
Metallo-supramolecular polymers have recently received much attention as a new type polymer in which the polymer backbone is formed by coordination bonds [1] [2] [3] [4] . The electronic interaction between the metal ion and the ligand through the coordination bonds causes unique properties. For example, Rowan et al. reported multi-stimuli, multi-responsive properties of the polymer [5] . Metallo-supramolecular polymers with a linear structure are synthesized by 1:1 complexation of metal ions with ditopic organic ligands. We synthesized metallo-supramolecular polymers including various metal ions such as Fe(II), Ru(II), Co(II), Cu(I), Ni(II) and Eu(III) by the complexation with bis(terpyridine)s, tris(terpyridine) or bis(phenanthroline)s [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The obtained polymers shows electrochromism [6] [7] [8] [9] [10] [11] , non-volatile memory [12] , ion conductivity [13, 14] , vapoluminescence [15] , electrochemical switching of emission [16] and DNA binding and cytotoxicity to cancer cells [17, 18] . In addition to the unique properties, another advantage of the polymers is the uniform film formation property by spin-or spray-coating, because the solid-state polymers are amorphous unlike small metal complexes. The film formation property enables us to fabricate the electrochromic devices [19, 20] and electrochemically controlled emissive devices [21] .
Despite of the wide investigation, however, a variety of ditopic ligands used in the polymer synthesis is very limited due to the limitation of synthetic methods. In other words, synthesis of new ditopic ligands is a key of the further development of metallo-supramolecular polymers. In our previous paper, we reported a bis-ONO-tridentate ligand for the polymers [22] . Here we report a novel bis-NNN-tridentate pyridinecarboxamide ligand (L1) and the corresponding metallo-supramolecular polymers ( Figure 1 ). The metal complexes of pyridinecarboxamide have been reported and showed multi redox state and electrochromic property [23] [24] [25] . Introducing this type structure to the metallo-supramolecular polymer, novel good electro-active materials are expected.
Experimental

Materials
4-bromo-N,N'-phenylpyridine-2,6-caroboxamide and 2,5-bis(dodexyloxy)-1,4-phenylenediboronic acid were prepared from chelidamic acid monohydrated and 1,4-phenylenediboronic acid by procedure similar to previous reports [26, 27] .
Nickel(II) chloride hexahydrated (NiCl 2 ·6H 2 O), iron(III) chloride (FeCl 3 ), and acetonitrile (MeCN) were purchased from Wako Pure Chemical Industry, Ltd. Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh 3 ) 4 ) was obtained from Sigma-Aldrich Co. LLC. Tetrakis(dimethylsulfoxide)dichlororuthenium(II) Ru(DMSO) 4 Cl 2 ) was obtained from Strem Chemicals, Inc. Tetra-n-butyl-ammonium perchlorate (TBAP) was purchased from nacalai tesque. All other chemicals were bought from Kanto Chemical Co., Inc. These chemicals were used without further purification.
Ligand synthesis
L1 was synthesized from 4-bromo-2,6-pyridinedicarboxylic acid as shown in Scheme 1. In a round bottom flask, 4-bromo-N,N'-phenylpyridine-2,6-caroboxamide (26.4 mmol), 2,5-bis-(dodexyloxy)-1,4-phenylenediboronic acid (12 mmol), and Pd(PPh 3 ) 4 (1.20 mmol) were added under nitrogen atmosphere. To the mixture was added THF (360 mL) and 0.5M-K 2 CO 3 aq (120 mL), followed by three times of freeze-pump--thaw cycles. The resulting mixture was heated at 100 ºC for 48 h under N 2 . After the mixture was cooled down to room temperature, the precipitate was collected by filtration. The crude product was purified by recrystallization (EtOH/THF) to obtain L1 (10.9 g, 84% PolyNiL1 was synthesized as shown in Scheme 1. L1 (0.500 mmol) was dissolved in dry N,N-dimethylformamide (DMF) (100 mL) under nitrogen atmosphere at 60 ºC. To the solution, sodium hydride (NaH, 4.00 mmol, 60% in mineral oil) was added and the suspension was stirred for 2 h at 60 ºC. After the color of suspension turned to yellow from colorless, nickel(II) chloride (0.500 mmol, in 75 mL DMF) was added and the mixture was stirred for 5 h. Tetraethylammonium chloride (TBAC, 2.00 mmol, in 25 mL DMF) was added and the mixture was heated at 60 ºC for 24 h. After removal of DMF by vacuum drying, the residue was washed by water, methanol, and diethylether. The brownish yellow polymer (PolyNiL1) was obtained by drying (0.537 g, 77%).
IR (KBr) ν (cm -1 ) = 2924, 2852, 1593 (C=O), 1533, 1446, 1209, 754, 732, 690.
Ruthenium(III)-based polymer (PolyRuL1)
PolyRuL1 was obtained as a brown solid with from reaction of L1 with Ru(DMSO) 4 Cl 2 in N,N-dimethylacetamide (DMAc) at 140 ºC, with the similar procedure described for PolyNiL1. PolyRuL1 was dissolved in MeOH followed by filtration to remove unreacted ligand (98% 
Iron (III)-based polymer (PolyFeL1)
PolyFeL1 was obtained as a brown solid with from reaction of L1 with FeCl 3 , with the similar procedure described for PolyNiL1. PolyFeL1 was dissolved in MeOH followed by filtration to remove unreacted ligand (96%). 
Measurement
NMR spectra were recorded by JEOL AL-500. The IR spectra were measured by Shimadzu FTIR-8400S. The UV-Vis and UV-Vis-NIR spectra were obtained with a Shimadzu UV-2550 and UV-3600 spectrophotometer. Cyclic voltammetry (CV) was conducted in a nitrogen-saturated DMF solution containing 0.1 M-TBAP as a supporting electrolyte using an electrochemical analyzer (BAS Inc.). Platinum wire was used as the counter electrode, grassy-carbon electrode as the working electrode, and Ag/Ag + electrode in ACN as the reference. All the metallo-supramolecular polymer films for CV and electrochemical analysis were prepared by a drop-casting method using an N-methylpyrrolidone (NMP) solution of the polymers on an indium tin oxide (ITO)-coated glass slide as the working electrode (slide area 25×15 mm).
Results and discussions
Ligand and polymer synthesis
A new bis-NNN-tridentate ligand (L1) was synthesized by a Suzuki-Miyaura cross coupling reaction in a 84% yield. L1 was soluble in organic solvents such as chloroform, DMF, DMSO, and hot THF. The ligand structure was characterized by 1 H-, and 13 C-NMR and IR spectroscopy. The peaks in the 1 H-NMR spectrum were assigned with the help of the 1 H-1 H and 13 C-1 H COSY spectra ( Figure 2 ). The specific amide proton and aromatic proton of pyridine ring were observed at 9.65 and 8.37 ppm in CDCl 3 , respectively. And all aromatic protons appeared in the region from 7.1 to 7.8 ppm and aliphatic peaks existed between 0.5 and 3.0 ppm. In the IR spectrum, characteristic absorption of N-H and C=O stretching band in L1 appeared at 3348 and 3311 (NH), 1695 and 1660 cm -1 (C=O), respectively. The peaks at 2924 and 2852 cm -1 correspond to aliphatic CH stretching of methyl and methylene (asymmetric and symmetric) (Figure 3) . 
365
After a deprotonation of amide protons in L1 by strong base, a metal salt was added into the anionic solution of L1 followed by TBAC as a counter cation at 50 ºC. After purification, the desired polymers were obtained in good yields. The NMR spectra were not obtained because these polymers were paramagnetic. These polymers were characterized by IR measurement. The absorption of N-H stretching bands disappeared and the C=O stretching bands were shifted to lower wavenumber (PolyFeL1 : 1685, 1597 cm -1 , Figure 3 ) because of the complexation. These results suggested that the amide proton was deprotonated by strong base and coordinated to metal ion. All the polymers soluble in high polar solvent such as a DMF, NMP, and DMSO. In addition, PolyRuL1 and PolyFeL1 were soluble in common organic solvents such as methanol, tetrahydrofuran, and chloroform. Smooth thin films of these polymers were obtained by drop-casting of the 5 mg/mL DMF solution at 100 ºC followed by drying in vacuo.
Optical property
UV-Vis absorption spectra of the metallosupramolecular polymers were measured in DMF (Figure 4) . The spectrum of L1 showed characteristic absorption at 287 and 360 nm, which are assigned as π-π* and n-π* transitions. PolyNiL1 showed two peaks as 286 and 367 nm, which are attributed to π-π* transition and ligand-to-metal charge transfer (LMCT). The π-π* transition in PolyRuL1 was observed at 270 nm and the LMCT band at 442 nm. The LMCT band was shifted to longer wavelength than that in polyNiL1. The spectrum of PolyFeL1 showed three absorptions at 271, 371, and 470 nm. The shape of the spectra are similar to those of the corresponding monocomplexes [23, 24] . However, the values are slightly shifted to long wavelength due to the difference of ligand structure and solvent. These results suggested that the metallo-supramolecular polymers have been obtained. In film condition, similar spectra were obtained.
Electrochemical property
The CVs of metallo-supramolecular polymers were measured in DMF (Figures 5) . In an L1 solution, only one cathodic irreversible peak appeared at -1.2 V, which suggested that the unstable radical anion was formed. The CV of polyNiL1 showed two reversible redox peaks of Ni(II)/Ni(III) (E 1/2 = 0.15 V, ΔE p = 26 mV) and Ni(III)/Ni(IV) couple (E 1/2 = 0.38 V, ΔE p = 34 mV). In PolyRuL1, one reversible redox peak appeared at 0.21 V (ΔE p = 36 mV), which is assigned as Ru(II)/Ru(III). In cathodic region, a quasi-reversible redox peak was also observed at -1.21 V (ΔE p = 40 mV) in polyRuL1. This cathodic peak may be caused by a radical anion of the ligand due to stabilization by metal ions. A polyFeL1 also showed two reversible redox These results suggested that electronic interaction between metal ions and ligand was occurred.
Electrochromic property
To evaluate electrochromic property, a solid state device of polyFeL1 was fabricated by the previous work [28] . A polyFeL1 film on the ITO glass was covered by PMMA-based gel electrolyte and another ITO glass (Figure 6a) . A polyFeL1 device showed electrochromic property from brownish orange to dark brown by applying +3 V (Figure 6b) . In UV-Vis-NIR spectra of polyFeL1 device, a broad absorption in the longer wavelength than 500 nm and the NIR region appeared by applying +3 V. The anodic response was due to oxidation of iron in a polyFeL1. Oxidation at +3 V produced a dark state, which upon decreasing the potential to -3 V return to brownish-orange (Figure 6c) . The results indicate that the polyFeL1 is color changeable and reversible by stepping the redox potentials (>10 times). This stability of redox change was come from electronic interaction between metal ion and ligand in the metallo-supramolecular polymer.
Conclusions
A novel bis-NNN-tridentate ligand was synthesized by a Suzuki-Miyaura cross coupling reaction. Ni-, Ru-, and Fe-based metallo-supramolecular polymers were prepared via the 1:1 complexation of the ligand with the metal ions. They showed characteristic color and reversible redox properties. Particularly, polyFeL1 showed reversible electrochromic property from brownish-orange to dark brown by applying ±3 V. This study showed a possibility to synthesize novel display materials using electrochromic. 
